Abstract: This paper presents a mobile robot suspended on power transmission lines based on a novel movement mechanism with two manipulators and a body. After the inspection robot configuration is described, the kinematics of the inspection robot and the process of obstacle-navigation are analyzed in details. In order to achieve autonomously control the task-oriented integrated control architecture is adopted, and the architecture is a multi-agent system coordinate and organized by distribute blackboard. To achieve auto obstacle-navigation control, camera-in-hand system is adopted to realize power transmission line pose locating. With the power line locating algorithm, a dynamic position based look-and-move control structure is implemented to achieve line-grasping control. Experiments result shows that the robot can realize auto obstacle-navigation control and proves the valid of the control method.
INTRODUCTION
Up to now days, power transmission line equipments have been inspected manually by workers with a telescope on the ground or inspected by planes flying over it [1] . For the manual inspection method, workers sometimes, have to climb the towers or ride in gondolas suspended on the power transmission lines. It is difficult to assure the inspection quality in mountain areas, grasslands and aboriginal forests because of severe environments. Inspection realized by aeroplane or helicopter is expensive and in bad weather it is very dangerous.
In recent years, research on mobile robot that can run on the extra-high voltage power transmission line has arise some researchers' interests for it can perform part or all the tasks of power transmission line equipment inspection and release workers from dangerous and tired work [2] . The research on the type of mobile robot started from the end of 1980s. Jun Sawada and Kazuyuki et al. [1] develop a wheeled mobile robot with an arc-shaped arm. When encountering an obstacle, it attached the arm besides the obstruction and navigates it along the arm as a guide rail. In [3] , a new type of mobile robot mechanism is described, which is composed of dual arms, 4 sets of actuators and crawlers. The experimental results prove that the robot can run on the overhead ground wire and navigate the tower obstacles. Geng Xin [3] has discussed several mechanisms that can climb power lines and developed a robot mechanism with three wheels on one line. The structure is simple while the design will burden the control system, and the wheels will damage the lines. Many other types of inspection robot prototypes are introduced in [4] , [5] , [6] . Although a great deal of research achievements have been reported, so far no robots have been applied for real power transmission lines inspection because of the complicated and severe environments. The research work for the type of robot is still on the way. This paper describes a mobile robot with a novel type of mechanism on overhead ground wires of 500KV EHV power transmission lines. Authors analyze the kinematics of the mobile robot and the process of obstacle-navigation firstly. To realize auto obstacle -navigation, camera-in-hand system is adopt to locate the pose of power transmission line, and dynamic look-and-move visual servo control structure is implemented to realize line-grasping control.
This paper is organized as follows: Following the introduction, section 2 describes the kinematics and obstacle-navigation process of the mobile robot. In section 3, power transmission line-localization algorithm and line grasping control based on camera-in-hand system is discussed in detail. Section 4 is the results of experiments and finally the conclusion and future work is given in 5. Fig. 1 2.2 Planning of obstacle-navigation According to obstacle environments and the robot structure, the obstacle-navigation process can be realized by two kinds of obstacle-navigation modes, namely rotate mode and cankerworm mode respectively. For obstacles like counterweights, the lifted gripper can move forward over the obstacles, so the obstacle-navigation can be realized by cankerworm mode. For obstacles like clamps, the gripper can't pass over the obstacles even though it had been lifted to the maximal value. Hence, the rotate mode is adopted on this condition. The detailed descriptions of the two obstacle-navigation modes are as follows Obstacle-navigation with rotate mode Fig. 3 shows the process of obstacle-navigation with rotate mode.
DESCRIPTION OF MOBILE ROBOT AND OBSTACLE-NAVIGATION PROCESS
Step 1: rear-manipulator extents till the rear-gripper is higher than the obstacle; step2: by the rotating of fore-manipulator, the rear gripper will cross over the obstacle; step3: with the camera mounted on gripper, the robot controller locate the power line and control the rear-gripper grasp the power line behind obstacle.
The robot can navigate obstacles by exchanging the two manipulators and repeating above steps.
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Obstacle-navigation with cankerworm mode
The process of obstacle-navigation with cankerworm mode is shown in Fig. 4 . Firstly, the fore-manipulator will extent till the fore-gripper is higher than obstacle, and then the wheel of rear-manipulator will rotate and drive the robot moving forward till the wheel encounter obstacle. Hence, the fore-gripper is behind the obstacle. With the same mode in step3 above, the last step is to locate the pose of power and control the fore-gripper grasping the power line. The robot can navigate obstacles by exchanging the two manipulators and repeating above steps.
Both of the two modes have their advantages and disadvantages. Obstacle-navigation with cankerworm mode is time saving but it is easy to be disturbed by the environment like the direction of wind or the vibration of power line, since it have to drive the robot moving forward with only one wheel on line. On the contrary, rotate mode makes obstacle-navigation steady but the time of obstacle-navigation will be longer than that of cankerworm mode. This is because both of the two manipulators should be rotated and the gripper needs to be closed. In experiments, these two methods are integrated to save time and navigate obstacles reliably. For example, if the robot needs to pass counterweight, clamp and counterweight in sequence, we firstly adopt cankerworm mode to pass counterweight, then pass clamp with rotate mode, and finally cankerworm mode is adopted again to pass the counterweight.
Hierarchical Distribute Supervisory Control
The control of the obstacle-navigation inspection robot is a complicated control process. According to the inspection task requirements, a control mode which combines remote-control with local autonomy is applied for the robot to travel along the wires and navigate obstacles. Fig.5 shows that the control architecture of the inspection robot consist of 4 agents and a distributed blackboard. The database stores the structure data of power transmission lines and obstacles. All the towers, where the inspection robot runs, are indexed according to the order of the towers in the database. These data includes the number of counterweight, the dimension of tower, clamp, counterweight, the relative position of two overhead ground wires between two adjacent towers etc. The rule base include all the basic actions of the robot and the inference engine can generate the robot behavior according to all the information transferred to the blackboard system. And the behavior agent supervise the action of the robot.
LINE GRASPING CONTROL WITH CAMERA IN HAND SYSTEM
Obviously, with any of the two modes, the step of locating power transmission line and controlling the gripper to grasp the power line is unavoidable.Generally, to realize object locating in 3-D space needs at least two cameras to build a solid vision system. In this section, a novel algorithm is developed to locate the pose (position and orientation) of power transmission line with only one camera. Based on this locating algorithm, a dynamic look-and-move control structure is constructed to realize power transmission line grasping control.
Power transmission lines location
Let us consider a micro-camera mounted at the robot gripper. The origin of the camera coordinate frame with respect to the robot coordinate frame is represented as s,= s (q)e R3 The orientation of the camera frame with respect to the robot frame is denoted by R=[R (q)E SO(3) . The image acquired by the camera supplies a two-dimensional (2-D) array of brightness values from a three-dimensional (3-D) scene. We also assume a perspective projection with a focal length A as depicted in Fig. 5 
:s, =ucos0 +vsin0 (7) The intersection point of the two lines can be yielded by solving linear equation cos0, sin01 lul =s1 (8) Where the bar over expressions on the right denotes normalization to a unit vector 2) Calculation of a Point on power transmission line Suppose the power transmission line as a column with infinite length, there are no feature points on line. In order to accomplish the location of power line, a virtual feature point is adopted. Here we chose cpp on power transmission line, the line jointing sc and cpp perpendicular to the power transmission line. The advantage to chose this point is that it is calculable and this point can reflect the position and orientation of the power transmission line respect to the camera coordinate frame. See Fig. 5 
Power transmission line grasping control
Power transmission line grasping control is to adjust the pose(position and orientation) of the power line respect with camera frame to the desired pose. Let -n be the direction vector of power line respect to world coordinate frame.
The relationship between -n and cn i S cn = ck (q) n . Where c (q) iS the inverse of'RR (q) and the time derivative of (8) can be expressed in terms of the camera angular velocity as [10] . The relationship between cpp and vpp is given by cpp = ck (q)(wPp -wSC) (25) By substituting (24)into (25) and the time derivative of (25)can be expressed in terms of the camera translation and angular velocity as [10] IcX 1°°-~~c r Ck t(q)n O~H WV
Where In = nvn-I , i is identity matrix, vvc and vco are the translation and angular velocities of the camera with respect to the robot frame respectively. They are related through the robot Jacobian J(q)
Jwt =J(q)q 4(27) Here we define J, ( n C1 (r (q) (29) According to [7] , the control law of the proposed controller is given by:
Where jn+ , Jp+ are of Jn (q) and Jp (q) respectively, kj and k2 are proportional matrices, (Cnx Cn*) and (Cpp -pP) are direction vector error and perpendicular point error of power line respectively. Here the dynamic look-and-move [7] control architecture is adopted and the control structure is shown in Fig. 6 . The experiments prove that the inspection robot can realize auto obstacle-navigation, and validate the line locating and grasping control algorithm based on camera-in-hand system. 5 . CONCLUSIONS This paper describes a mobile robot suspended on power transmission lines based on a new type of movement mechanism. The kinematics of the mobile robot and the process of obstacle-navigation are analyzed in detail. To achieve auto obstacle-navigation, camera-in-hand system is adopted to realize power line locating and grasping control. Power line pose location algorithm with a single camera is described in detail and the line grasping control based on dynamic look-and-move structure is implemented. Experiments on a simulated power transmission line shows that the robot can realize auto obstacle-navigation and prove the line locating and grasping control methods are valid. The future work is to test the robot on the real power transmission lines and improve the practicality.
